With the dismal prognosis for malignant glioma patients, survival predictions become key elements in patient management. This study compares the value of 3 -deoxy-3 -18 Ffluorothymidine ( 18 F-FLT) PET and MRI for early outcome predictions in patients with recurrent malignant glioma on bevacizumab therapy.
Malignant gliomas are aggressive primary brain tumors that almost always lead to rapid patient deterioration and death (1, 2) . Bevacizumab (Avastin; Genentec) is a recombinant humanized monoclonal antibody targeting vascular endothelial growth factor, a protein released by tumor cells to recruit novel blood vessels to support tumor growth (3, 4) . Treatment with bevacizumab has resulted in 6-mo progression-free survival (PFS) rates of 46% for patients with recurrent glioblastomas (5), a significant improvement when compared with historical data that showed 6-mo PFS of 9%-21% (1, (6) (7) (8) . Improvement in PFS and overall survival (OS) was also shown in 61 patients with recurrent high-grade glioma (9) . In a multicenter study, 167 patients with glioblastoma were randomly assigned to receive bevacizumab alone or bevacizumab in combination with irinotecan. Six-month PFS rates of 42.6% for bevacizumab only and 50.3% for bevacizumab combined with irinotecan were observed (10) .
Classic glioma treatment response assessment (Macdonald criteria) is based on 2-dimensional MRI contrast-enhancing tumor area changes as the primary measure while considering the use of steroids and changes in the neurologic status (11) . It has been recognized that MRI contrast enhancement primarily reflects a disrupted blood-brain barrier, which can be influenced by changes in corticosteroid dose as well as other treatment effects such as inflammation, radiation necrosis, and postsurgical change (12, 13) . In addition, it was recognized that nonenhancing T2-weighted and fluid-attenuated inversion recovery sequence changes can reflect tumor recurrence as well, especially in patients on antiangiogenic therapy (13, 14) . Thus, it has been proposed by the recently published Response Assessment in Neurooncology (RANO) that changes in both enhancing and nonenhancing areas should be considered in evaluating treatment response by MRI (14, 15) .
PET with 18 F-FDG directly reflects the glucose metabolic activity of tumor cells and is predictive of patient outcome (16, 17) . However, variability of glucose uptake in recurrent high-grade gliomas and low tumor-to-background ratios due to the high metabolic activity of healthy brain tissue limit the usefulness of 18 F-FDG PET (18) .
3 -deoxy-3 -18 F-fluorothymidine ( 18 F-FLT) is a thymidine analog that has been developed to image tumor cell proliferation (19) . A pilot study in 19 patients with recurrent high-grade glioma has previously shown that 18 F-FLT uptake can be used to identify responders and nonresponders on a bevacizumab and irinotecan regimen (20) . 18 F-FLT uptake change was not significant in predicting PFS in that study, although a trend was observed.
The current report presents the completed study on the value of 18 F-FLT PET for predicting both PFS and OS in an expanded study population of 30 patients with recurrent high-grade glioma who underwent treatment with bevacizumab combination therapy. The predictive power of 18 F-FLT tumor uptake was also compared with outcome predictions derived from MRI according to the RANO criteria.
MATERIALS AND METHODS

Patients
Thirty patients with recurrent high-grade glioma were enrolled in this study (Table 1) . There were 18 men and 12 women, with a median age of 58 y. All patients met the following inclusion criteria. Patients had a histologically confirmed diagnosis of glioblastoma or anaplastic astrocytoma (glioblastoma, n = 24; anaplastic astrocytoma, n = 6) and had previously undergone surgical resection and chemoradiation therapy. All had MRIconfirmed recurrent disease by the time bevacizumab treatment was started. Further criteria included a Karnofsky performance score (KPS) of 70 or greater, adequate hematologic values, and sufficient hepatic and renal function. Patients were excluded if there was a bleeding disorder, a recent history of intracranial bleeding, or thromboembolism.
All patients gave written consent to participate in this study, which had been approved by the University of California, Los Angeles, Office for Protection of Research Subjects.
Treatment
All patients were treated with bevacizumab and irinotecan except for 3 patients who were treated with bevacizumab alone (patients 24, 27, and 29, Table 1 ). Treatment was discontinued when patients experienced clinical or radiographic disease progression. The coadministration of corticosteroids was closely monitored. Although 12 patients did not require corticosteroids, 10 patients were maintained on stable or tapering doses of dexamethasone, and 8 patients needed a dose increase after the baseline MRI and PET studies were obtained.
Patients' disease status was evaluated and monitored using gadolinium-enhanced and nonenhanced MRI within 1 wk before and at approximately 6-wk intervals after starting bevacizumab treatment. All patients were followed until death. Thus, the outcome data are complete. The OS was defined as the interval between treatment initiation and death, and PFS was defined as the interval between treatment initiation and radiographic or clinical progression. No patient was lost to follow-up.
PET
18 F-FLT was synthesized locally as has been previously described (21) . A baseline 18 F-FLT PET scan was obtained for all patients within 3 ± 2 d before treatment initiation, and followup 18 F-FLT PET was performed at 2 and 6 wk after treatment initiation. All images were obtained using a high-resolution full-ring PET scanner (ECAT HR+; Siemens/CTI) capable of simultaneous registration of 63 contiguous slices.
Patients were instructed to drink ample amounts of water before the scan to facilitate tracer excretion. Immediately after intravenous injection of 18 F-FLT (2.0 MBq/kg), a transmission scan was obtained for attenuation correction, followed by a 60-min dynamic emission acquisition sequence in 3-dimensional mode.
The data were reconstructed using iterative ordered-subset expectation maximization (8 iterations with 6 subsets) and a gaussian filter of 5 mm in full width at half maximum using the measured attenuation correction, with consecutive quadratic matrices of 128 × 128 mm made of cubic voxels of 2.4-mm dimension. The emission data from 30 to 60 min were summed to obtain a region of interest (ROI) and determine the standardized uptake values (SUV). The slice with the highest SUV and the 2 adjacent slices were typically included in the ROI analysis. A circular ROI (diameter, 1.0 cm; 16 pixels) was placed over the hottest region in the tumor, and mean SUV of this ROI was used in the 18 F-FLT PET uptake analysis.
MRI
Data were collected on a 1.5-T MRI system (GE Healthcare) using pulse sequences supplied by the scanner manufacturer. Standard anatomic MRI sequences included axial proton density, T1-, and T2-weighted fast spin-echo images and fluid-attenuated inversion recovery images, all obtained with a 5-mm slice thickness with 1-mm interslice distance, 2 excitations, a matrix of 256 × 256, and a field of view of 24 cm. Additionally, gadopentetate dimeglumine-enhanced (Magnevist [Berle]; 0.1 mmol/kg) axial and coronal T1-weighted images were acquired after contrast injection.
MRI Response Assessment
Regions of fluid-attenuated inversion recovery abnormality were chosen using RANO recommendations (14) . The regions of postcontrast T1-weighted image (T1+C) hyperintensity were defined, excluding any T1 shortening from blood products on precontrast T1-weighted images and cystic and surgical resection cavities. The volumes of fluid-attenuated inversion recovery and T1+C were calculated using a semiautomated procedure as described previously (15).
MRI-based response at 6 wk was defined according to the RANO criteria. However, the 4-wk sustained response requirement for complete response (CR) and partial response (PR) was not considered because the goal of the study was to compare the predictive values of MRI and PET at 6 wk after starting treatment (14) . Progressive disease (PD) was defined as more than a 25% increase in the sum of the products of perpendicular diameters, a significant increase in nonenhancing tumor, or neurologic decline. CR was defined as no enhancing or nonenhancing tumor, with no steroids. PR was defined as more than a 50% decrease in the sum of the products of perpendicular diameters on stable steroids without new lesions. Nonenhancing tumor was identified by mass effect or architectural distortion including blurring of the gray-white interface. MRI assessment was performed by a boardcertified neuroradiologist.
Statistical Analysis
Differences between groups of patients were established by the t test. On the basis of previous studies, a reduction of 25% or greater in 18 F-FLT tumor uptake changes was considered a metabolic response (20) . This was further verified using receiver-operatingcharacteristic curve analysis.
Kaplan-Meier curves were subsequently generated to obtain survival estimates (22) . Statistical analyses of multiple variables were performed with the Cox proportional hazards model (23) . Variables reaching a significance of P less than 0.05 by univariate analysis were included in the multivariate analysis.
RESULTS
F-FLT PET Uptake Changes
Thirty patients were registered for the 18 Tumor SUVs and their changes between scans were calculated ( Table 2 ). Mean tumor SUV on baseline scans varied between 0.38 and 4.79, reflecting potentially the heterogeneity in proliferative activity of recurrent high-grade brain tumors. For all patients, the median change of 18 F-FLT uptake was −31% at 2 wk, −33% at 6 wk, and +5% between 2 and 6 wk. Examples of individual responses are shown in Figure 1 . Essentially all patients showed an initial decrease in 18 F-FLT uptake at 2 wk. This decrease was followed by 2 main patterns at 6 wk, either a sustained low 18 F-FLT uptake or a rebound of 18 F-FLT uptake toward the baseline level (Fig. 2) .
Optimal 18 F-FLT PET Criteria for Survival Prediction
Absolute uptake values of 18 F-FLT (at baseline, 2 wk, or 6 wk) were initially analyzed but were found not to be predictive of survival. Comparing baseline with 2 wk, baseline with 6 wk, and 2 wk with 6 wk, 3 datasets of 18 F-FLT tumor uptake values were generated and analyzed in the context of overall patient survival. Using receiver-operating-characteristic analysis, we found the optimal threshold value for 18 F-FLT SUV change between baseline and the 6-wk follow-up to be at 25% FLT uptake decrease (area under the curve, 0.779; P = 0.017), resulting in a sensitivity and specificity of 82% and 80%, respectively.
18 F-FLT tumor uptake changes at both 2 and 6 wk were significant predictors of OS by Kaplan-Meier analysis (P < 0.001; Fig. 3 ). However, the 18 F-FLT tumor response at 6 wk was most predictive for patient outcome according to the Cox regression analysis. On the basis of 18 F-FLT uptake changes, there were 16 responders and 14 nonresponders. 18 F-FLT tumor uptake decreased by 46% ± 14% in responders but increased by 20% ± 52% in nonresponders (P = 0.001). Median OS for responders based on 18 F-FLT criteria was 3.3 times as long as that of the nonresponders (12.5 vs. 3.8 mo, P < 0.001).
With the observation that there were small 18 F-FLT tumor uptake reductions at 2 wk, even in patients with poor outcomes, attention was paid to changes of 18 F-FLT tumor uptake between 2 and 6 wk. These changes yielded a significant correlation with patient outcome. Receiver-operating-characteristic analysis revealed an optimal threshold value of +7%, with lower values corresponding to longer patient survival (area under the curve, 0.779; P = 0.017; sensitivity and specificity, 82% and 70%, respectively). Kaplan-Meier analysis resulted in a significant survival prediction (Log rank P < 0.001; Fig. 3 ) using this threshold.
18 F-FLT uptake changes were also predictive of PFS: P = 0.019 at 2 wk, P < 0.001 at 6 wk, and P = 0.006 comparing 18 F-FLT uptake changes between 2 and 6 wk (Fig. 4) .
Response Assessment by MRI
Response by MRI was evaluated at approximately 6 wk (5.9 ± 2.7) after starting treatment based on RANO criteria and was available for 29 patients. By MRI criteria, 9 patients were classified as responders (31%). Seven of these had a PR, and 2 had a CR. Thirteen patients had stable disease (45%), and 7 had progressive disease (PD) (24%). MRI response was predictive of OS and PFS (P = 0.01 and 0.001, respectively). Median OS for responders based on MRI criteria was 1.4 times as long as that of nonresponders (12.9 vs. 9.0 mo, P = 0.05).
F-FLT PET Changes, Compared with Other Clinical Predictors
Multiple clinical variables were tested by univariate and multivariate analyses (Table 3) . By univariate analysis, survival was better if patients had fewer recurrences. Patients' age, baseline KPS, and dexamethasone treatment were not predictive of survival.
Changes in 18 F-FLT tumor uptake from baseline to 2 wk, baseline to 6 wk, and 2 to 6 wk were all predictive of survival (P < 0.001). However, 18 F-FLT tumor uptake changes at 6 wk provided the highest hazard ratio (HR; 7.869 vs. 5.416 for baseline to 2 wk and 5.739 for 2-6 wk).
Response by MRI was also predictive of survival (P = 0.016). By multivariate analysis, change of tumor 18 F-FLT SUV from baseline to 6 wk was the most significant predictor of OS (P < 0.001; HR, 10.051).
Similarly, longer PFS was predicted if patients had fewer prior recurrences. Patients' age, baseline KPS, and dexamethasone treatment were not predictive of PFS. 18 F-FLT PET responses at 2 wk, 6 wk, and from 2 to 6 wk and MRI response were all predictive of PFS ( Table 3) . By multivariate analysis, 18 F-FLT PET assessment at 6 wk was the most significant predictor of PFS (P = 0.001; HR, 5.636).
DISCUSSION
We report the first completed prospective study of metabolic response with 18 F-FLT PET in patients with recurrent high-grade glioma on bevacizumab therapy. The current study expands on the prior pilot study (20) of a smaller set of 19 patients. Now we provide complete survival data of 30 patients and include updated MRI data at 6 wk based on RANO criteria.
First, this study demonstrates that 18 F-FLT uptake in the early phase of antiangiogenic treatment is indeed predictive of OS in patients with recurrent high-grade glioma. 18 F-FLT uptake changes from both baseline to 2 wk and base-line to 6 wk after starting treatment are predictive of OS (P < 0.001). Second, this study shows that changes of 18 F-FLT uptake from baseline to 6 wk (HR, 7.869) are stronger predictors of OS than changes at 2 wk (HR, 5.416). Changes in 18 F-FLT tumor uptake at 6 wk stratifies patients into 2 subgroups, 18 F-FLT responders (16/30, 53%) and nonresponders (14/30, 47%). 18 F-FLT responders survived for 12.5 mo, which is 3.3 times longer than the 3.8-mo survival for nonresponders (P < 0.001). Third, the current study also demonstrates the significant power of 18 F-FLT for predicting PFS (P = 0.019 at 2 wk and P < 0.001 at 6 wk). Fourth, absolute 18 F-FLT uptake values at any time point are not predictive of survival. Finally, we compared metabolic responses by 18 F-FLT with MRI response at 6 wk based on RANO criteria. MRI at 6 wk identifies 9 responders (31%; 7 PR and 2 CR), 13 patients with stable disease (45%), and 7 patients with PD (24%) and is predictive of OS. However, median OS, although being 3.3 times longer for 18 F-FLT PET responders than for nonresponders, is only 1.4 times longer for MRI responders than for MRI nonresponders (12.9 vs. 9.0 mo, P = 0.05). Further, multivariate analysis identifies 18 F-FLT PET at 6 wk as the most significant predictor for OS (P < 0.001; HR, 10.051) and PFS (P = 0.001; HR, 5.636).
There were discrepancies in response assessments between MRI and PET at 6 wk in 8 patients. MRI interpretation at 6 wk was based on RANO criteria (14) . However, as the aim of the current study was to compare survival predictions of 18 F-FLT PET and MRI at 6 wk, the 4-wk sustained response requirement by RANO for MRI-based responses was not applied here. One patient identified by MRI as PR was an 18 F-FLT PET nonresponder (patient 9, Table 2 ). This patient died 2.8 mo after starting the treatment. Conversely, there were 7 patients who were 18 F-FLT PET responders but non-responders by MRI (6 stable disease, 1 PD). The median OS for these 7 patients was 12.3 mo (range, 10.4-19.5 mo). Thus, rather than detecting treatment failure earlier than MRI (as reported for O-(2-18 Ffluoroethyl)-L-tyrosine recently), 18 F-FLT PET appears to identify treatment responders earlier than MRI (24) .
At the onset of treatment, between the baseline and first follow-up scan at 2 wk, a reduction in 18 F-FLT tumor uptake from the baseline value was observed in essentially all patients (Fig. 2) . For the subgroup of patients with greater than 12-mo survival (n = 11), there was a median SUV reduction of 37% from baseline after 2 wk and 47% after 6 wk. Even in those with less than 12-mo survival (n = 19), there was a median SUV reduction of 22% from baseline after the first 2 wk of treatment. However, in this group of patients with less than 12-mo survival, this early median SUV decrease was followed by a rebound of 33% at the second follow-up 18 F-FLT scan at 6 wk after starting treatment, bringing the median SUV close to the baseline value.
It has been observed that antiangiogenic agents can produce a rapid decrease in contrast enhancement in MRI that occurs within days of initiation of treatment (15, 25) . This decrease is considered at least in part a result of reduced vascular permeability to contrast agents rather than a true antitumor effect because MRI contrast changes were not predictive of survival (13) (14) (15) . It is possible that the initial decreases in 18 F-FLT uptake as universally observed in our study can be similarly attributed in part to bevacizumab's effect on vascular permeability. However, the strong predictive power of 18 F-FLT changes demonstrated in our study in OS and PFS argues that 18 F-FLT changes do reflect a true response to the antineoplastic effect of the treatment.
Bevacizumab causes normalization of vascular architecture, leading to an improved blood flow to the tumor (26) . This paradoxic effect on tumor vasculature aids in the delivery of concomitantly administered chemotherapeutic agents. Furthermore, it reduces vasogenic edema, allowing for a reduction or discontinuation of corticosteroids (27) . Finally, bevacizumab effectively blocks new blood vessel formation, curbing tumor proliferation to the diffusion limits of existing capillaries (28, 29) . Our study demonstrated a median OS of 10.3 mo in patients with recurrent high-grade glioma, consistent with previously published studies (5,9,10). The improvement in OS strongly suggests that in addition to the bloodbrain barrier restoration effect, bevacizumab has a true antineoplastic effect in responders, leading to longer OS.
With the advance of targeted therapies, which also can be associated with significant toxicity and side effects, a non-invasive and early evaluation of treatment response that is predictive of OS becomes critically important. A study of apparent diffusion coefficient histograms in recurrent glioblastoma patients before bevacizumab treatment was reported to be predictive of 6-mo PFS (30) . No data on OS were reported in that study. Vascular normalization was hypothesized to be predictive of outcome in a study of recurrent glioblastoma patients on cediranib treatment, an oral pan-vascular endothelial growth factor receptor tyrosine kinase inhibitor (30) . Three parameters-that is, changes in vascular permeability and flow (K trans ), microvessel volume, and the change of circulating type-IV collagen intravenous levels-were combined into a vascular normalization index, which was found to be predictive of PFS and OS (31).
18 F-FLT is a thymidine analog that is transported into tumor cells via nucleoside transporters and is subsequently phosphorylated by thymidine kinase 1 to 18 F-FLT 5-phosphate (19) . Although 18 F-FLT is not incorporated into DNA, its uptake correlates with tumor tissue proliferation as determined by Ki-67 antibody staining (32, 33) . Thus, 18 F-FLT uptake reflects the proliferative activity of cells. The current study shows that changes in tumor 18 F-FLT uptake could be used to predict patient survival. This is clinically relevant because these predictions allow for the early stratification of patients into responders and nonresponders, thereby allowing the discontinuation of ineffective treatments in nonresponding patients.
One limitation of our study is the absence of kinetic data. Kinetic modeling of 18 F-FLT in brain tumors showed that 18 F-FLT uptake in tumor tissues seems to be predominantly due to elevated transport and net influx (34) . Further, kinetic studies demonstrated a good correlation between the net influx rate constant and 18 F-FLT uptake, suggesting that simple semiquantitative analysis of SUV might be sufficient for clinical applications (35) . This notion was supported by several preclinical and clinical studies when reductions in 18 F-FLT uptake after the start of treatment correlated with therapeutic effects in experimental gliomas in animal studies (36, 37) . 18 F-FLT PET was used to monitor disease status and to direct treatment in a patient with glioblastoma, and 18 F-FLT uptake ratios and kinetic parameters provided concordant information (38) . We have also used kinetic models and have reported the results previously (39) . Patients were stratified into 3 groups based on survival timeless than 6 mo, 6-12 mo, and greater than 12 mo. None of the rate constants was significantly different between the groups. However, a significant decrease in SUV was seen in long-term survivors but not in short-term survivors. Significant correlations were again found between SUV and both the rate constant and the influx rate. Thus, the use of the semiquantitative SUV approach for assessing tumor responses is entirely justified.
CONCLUSION
Although future larger validation studies are needed, the present data suggest that 18 F-FLT PET provides a powerful prognostic tool in recurrent high-grade glioma patients treated with bevacizumab.
FIGURE 1. FIGURE 2.
Mean 18 F-FLT SUV changes for patients as function of time for patients with more or less than 12-mo survival. Initial drop of SUV is universally observed.
FIGURE 3.
OS Kaplan-Meier curves separated by 18 F -FLT PET based on baseline to 2 wk (A), baseline to 6 wk (B), and 2-6 wk (C) response criteria.
FIGURE 4.
PFS Kaplan-Meier curves separated by 18 F-FLT PET based on baseline to 2 wk (A), baseline to 6 wk (B), and 2-6 wk (C) response criteria. 
